The bulk polymerization of styrene using 1,1,2,2-tetraphenyl-1,2-ethanediol as initiator in the presence of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) was investigated. The results show that polymerization proceeded in a controlled/ 'living' way, i.e., polymerization rate is first order with respect to monomer concentration. Molecular weights increase linearly with conversion and molecular weight distributions are relatively low (M w /M n = 1.10 -1.35). Well-defined polystyrenes with α-hydrogen and TEMPO end groups were obtained.
Introduction
The synthesis of well-defined macromolecules by 'living' free radical polymerization techniques has witnessed explosive growth during the last few years due to its commercial and academic importance [1] . In 1982, the use of 'iniferters' (initiatortransfer agent -terminator) was introduced by Otsu, which is arguably the first attempt to develop a true living free radical polymerization technique [2, 3] . The model that Otsu proposed is very similar to modern LRP. Nevertheless, the polydispersities of obtained polymers were always high and initiation efficiency was low. Moad and Rizzardo adopted a subtly different approach and introduced the reversible endcapping of the propagating chain ends by stable nitroxyl free radicals, such as 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) [4] , but this original approach was limited to low-molecular-weight polymers. The use of TEMPO in 'living' free radical polymerization was subsequently refined by Georges et al. [5] who demonstrated that polystyrene with low polydispersity could be prepared. In the past, only two kinds of initiators, such as azo and peroxide compounds (AIBN and BPO), were employed as initiators in the bimolecular systems for nitroxide-mediated radical polymerization.
Braun et al. reported that 1,1,2,2-tetraphenyl-1,2-ethanediol (TPED) could be used as an initiator for conventional radical polymerization and copolymerization of vinyl monomers [6] . In the initiation step, the activated monomer radicals were produced via a hydrogen transfer addition reaction of the diphenylhydroxymethyl primary radical, which was formed from the homolytic cleavage of TPED. Polymers with α-hydrogen atom end groups and broad polydispersities were obtained. Qiu et al. [7, 8] reported the use of TPED in conjunction with FeCl 3 /PPh 3 or with CuCl 2 /bpy for the atom transfer radical polymerization of methyl methacrylate and styrene. The results
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show that well-defined polymer with high number-average molecular weight and narrow polydispersity can be obtained. In this work, we first introduced the C-C bond iniferter TPED into the bimolecular system of NMP as an initiator in conjunction with TEMPO instead of AIBN or BPO. Well-defined polystyrenes (PSt's) with α-hydrogen and 2,2,6,6-tetramethyl-1-piperidinyloxy end groups were obtained.
Experimental part
Styrene (St) (chemically pure, Shanghai Chemical Reagent Co., Ltd.) was purified by extraction with 5% NaOH aqueous solution, followed by washing with water and drying with anhydrous sodium sulfate overnight. Finally it was distilled in vacuum prior to polymerization. TPED, TEMPO and deuterated styrene (styrene-d 8 ) (>98%) were purchased from Acros and used without further purification.
A series of polymerizations of styrene using TPED as an initiator in conjunction with TEMPO were performed. A typical polymerization procedure was as follows: styrene (2 mL, 17.4 mmol) was added to a dry tube containing the solid mixture of TPED (63.6 mg, 0.17 mmol) and TEMPO (54.0 mg, 0.35 mmol). Then it was degassed in vacuum and charged with argon (three times), and sealed under argon and then placed in an oil bath held by a thermostat at the desired temperature to polymerize. After the desired polymerization time, the tube was cooled into ice water to stop the polymerization. Afterwards, the tube was opened and contents were dissolved in tetrahydrofuran, and then precipitated into a large amount of methanol. The obtained polymer was dried until constant weight. The monomer conversion was determined gravimetrically.
Characterizations
Molecular weights and molecular weight distribution of the polymers were determined with a Waters 1515 gel permeation chromatograph (GPC) equipped with a refractive index detector, using HR 1, HR 3, and HR 4 columns with a molecular weight range of 100 -500 000 calibrated with polystyrene standard samples. Tetrahydrofuran was used as the eluent at a flow rate of 1.0 mL/min operated at 30°C.
1 H NMR spectra of the polymers were recorded on an Inova 400 MHz NMR instrument using CDCl 3 as a solvent and tetramethylsilane as the internal standard.
Tab. 1. Bulk polymerization of styrene initiated with TPED/TEMPO using different concentrations of TEMPO at 120°C. 
Effect of TPED on the polymerization of styrene
Bulk polymerizations of styrene with TPED as an initiator in the presence of TEMPO were performed at a typical polymerization temperature of 120°C. Fig. 1 shows the semi-logarithmic plot of conversion vs. polymerization time with different initial concentrations of TPED for a constant ratio of [TEMPO] 0 /[TPED] 0 . As also observed by Matyjaszewski and co-workers [9] , the TEMPO-mediated polymerizations of styrene showed a definite induction period due to an excess of TEMPO existing in the polymerization system. It should be noted that in the TEMPO/TPED-mediated system, the induction period was almost constant as the initial concentration of TPED varied from 0.017 mol/L to 0.087 mol/L. This phenomenon was different from the results reported by Hawker et al. [10] who mentioned that the induction period increased with increasing concentration of TEMPO introduced into the polymerization system. A possible reason for this is that the radical concentration produced by reversible decomposition of TPED is kept almost constant while that produced by irreversible decomposition of benzyl peroxide (BPO) or by thermal initiation of styrene is affected by the concentration of TEMPO in the polymerization system [11] . In addition, it can be found that ln [M] 0 /[M] vs. time shows approximate linearity, but for conversions above 70%, a deviation was observed due to the accumulation of released stable radicals caused by hydrogen transfer and biradical termination [9, 12] . The rates of polymerizations in this process decreased with increasing the initial concentration of TPED, which was same as in the system of TEMPO/BPO [13] . Fig. 2 shows that the molecular weights (M n ) increase linearly with conversion and are strongly affected by the amount of TPED introduced into the reaction medium.
Experimental molecular weights deviated from the theoretical values in all cases and the initiator efficiency f was about 0.5, which was lower than the value of BPO in a similar polymerization process. As shown in Fig. 2 , well-defined polystyrenes (M n up to 25 000) with low polydispersities (< 1.3) were obtained, and the polydispersity became a little broader with decreasing concentrations of TPED. However, it should be noted that due to the irreversible chain termination and other side reactions, molecular weights increased little at high conversion, and polydispersity became a little broader as decreasing the concentration of TPED.
Based on the experiment results, a mechanism of the polymerization of styrene with the TPED/TEMPO system is proposed (in Scheme 1). The initiation step includes the decomposition of the initiator TPED and the formation of monomer radicals 1 (H-M1•, M = monomer) via a hydrogen transfer reaction [6] . These primary radicals propagate, by adding one or a few monomer units (M), and are rapidly deactivated by reaction with TEMPO to form 2. Subsequent propagation is the same as in the BPO/ TEMPO system. 3 
Chain extension reaction and 1 H NMR analysis of the polymer structure
According to the polymerization mechanism discussed above, the polymer obtained could be used as a unimolecular initiator for the nitroxide-mediated polymerization of styrene. The extension polymerization of PSt (M n = 5300, PDI = 1.19) was carried out in bulk at 120°C to a final conversion of 70%, at which M n = 12 000, PDI = 1.44, as shown in Fig. 3 . The obtained polymer exhibits a significant tailing at lower molecular weight and the polydispersity is broader than before, which may be caused by the dead chain existing in the macroinitiator.
propogation: [14] , however, the methyl chain end protons of polystyrene are also located at about 1.5 -1.6 ppm. Thus, the peaks of the methyl chain end of polystyrene may be overlapped by the peaks of the methene protons of TEMPO. So we conducted the polymerization of styrene using TPED as an initiator in the absence of TEMPO. Comparing 1 H NMR spectra of the obtained polystyrene (deuterated) initiated by TPED in the presence and in the absence of TEMPO (as shown in Fig. 5.) , it could be found that the peak at 1.54 ppm should be assigned to the methyl chain end of polystyrene, and a series of peaks between 1.26 -1.44 should be ascribed to the methene protons of TEMPO. The ratio of methene protons of TEMPO to the methyl chain end of polystyrene is 1:0.4. However, according the mechanism mentioned above, the ratio of methene protons of TEMPO to the methyl chain end of polystyrene should be 1:1. This may be due to the presence of termination products, which are caused by chain end degradation [15] . It should be noted that almost no peaks can be observed between 6.5 and 8 ppm (phenyl ring) except a single peak at 7.26 ppm, which can be assigned to residual undeuterated chloroform in deuterated chloroform solution. This result also proved that the polymerization of styrene initiated by TPED in the presence of TEMPO followed the mechanism (Scheme 1) mentioned above. 
Conclusion
Well-defined PSt's with α-hydrogen and 2,2,6,6-tetramethyl-1-piperidinyloxy end groups have been synthesized. At a ratio of [TEMPO] 0 :[TPED] 0 = 2, the bulk polymerization of styrene exhibits some living characteristic. PSt's with α-hydrogen and 2,2,6,6-tetramethyl-1-piperidinyloxy end groups and low polydispersities (1.10 -1.35) are obtained.
